A two-scale ad hoc wireless network is envisaged in which the interference power generated in long-range connections is recycled by the surrounding wireless nodes in order to support their own short-range communications. We prove that the network energy efficiency is independent of the transmitters range and, therefore, that long-range transmitters can supply the power required for short-range connectivity without degrading the overall network energy efficiency. As an example, we have studied the feasibility of a short-range multipleaccess return-link powered by the interference harvested from neighboring long-range connections.
INTRODUCTION AND RELATED WORK
In the last few years, the energy cost of communications and computing has arisen as a major aspect to be taken into account [1] [2] . In this context, energy harvesting has been proposed as a means of scavenging energy from the environment allowing low-power transmitters to operate autonomously without any external power supply [3] . In particular, far-field RF energy harvesting is a promising technology that allows gathering energy from the surrounding interference field using, potentially, the same aerial and RF front-ends that are used for communication [4] [5] . The energy collected in this way is scarce but expected to be sufficient for sustaining low-rate and/or short-range wireless communications [6] [7] .
The main drawback of far-field energy harvesting is that only a minuscule fraction of the transmitted power (e.g., 1 out of 10 9 ) is actually transferred to the intended receiver because most of the power is lost in the environment due to the limited directivity of RF antennas. To ameliorate this enormous inefficiency, we suggest using the entire wireless network as a distributed array of antennas that collects as much power as possible from active interfering transmissions. In this paper, this procedure is denoted interference harvesting. Our main result is that interference harvesting renders the network energy efficiency independent of the transmitters coverage range (Section 2) and, therefore, it provides an additional motivation for considering long-range connections in the design of energy-efficient ad hoc wireless networks [8] [9] .
Based on this result, a two-scale ad hoc wireless network is envisaged in which long-and short-range connections coexist and wherein the power required for short-range connectivity is completely obtained from the interference power produced by long-range transmissions. To the best of our knowledge, this approach is new in the literature and, in this paper, is denoted interference recycling. As an example, we have studied the case in which the harvested power is recycled to set up a self-powered short-range return link with the same transmitter from which the power was harvested (Section 3), as also considered in [10] . The main conclusion is that the return-link sum-rate capacity is determined by the radius of long-range connections. In particular, there exists a minimum critical radius that is required for achieving a noticeable return-link sum-rate.
ENERGY EFFICIENCY OF LONG-RANGE CONNECTIONS
In order to assess the energy efficiency of long-range connections, we consider a wireless network/cluster composed of N nodes/users that is deployed randomly within a circle of radius r centered at the origin of coordinates. For r sufficiently large, the node positions near the center follow approximately a 2-dimensional homogeneous Poisson point process of density ρ = N/(πr 2 ) nodes per square meter. We consider an active transmitter at the origin of coordinates (central node) that is transmitting P T Watts towards a distant destination node (remote node) d meters apart (see Fig. 1 ). The central node can be connected to an end user which is a member of the wireless network (d < r) or to an external receiver with which the wireless network is communicating (d > r).
For simplicity, we consider that all users are equipped with antennas whose beampattern is a spherical sector of vertical and horizontal angular aperture of φ radians. In this simplified model, the directivity of the antennas is given by D = 2π/ (φsin(φ/2)) for 0 < φ ≤ π and their physical size is closely related to their effective area, which is given by A = Dλ 2 /4π, with λ the signal wavelength. We adopt the conventional propagation model in which the received power at distance d > d 0 is computed as
where α is the path-loss exponent, d 0 the required distance to operate in the far-field and P 0 the received power at distance d 0 assuming free-space propagation (α = 2), i.e.,
with D the directivity and A the effective area of both the transmit and receive antennas. This model is adopted for simplicity but the analysis could be extended to more accurate models [11] .
According to the model above, the wireless network/cluster is able to harvest the following amount of power:
where h n is the gain of the link connecting the transmitter (central node) and the n-th receiving node ( Fig. 1) , d n the corresponding random distance and a n a random variable that indicates whether electromagnetic visibility is sustained between the central node and the n-th node. More specifically, a n = 1 if the transmitter and n-th node beams are aligned along the horizontal direction with a pointing error within ±φ/2. Otherwise, a n equals zero. We assume for simplicity that all users are in the same horizontal plane and that the vertical pointing error is always within ±φ/2. Also, we assume that the antenna azimuth (i.e. horizontal pointing direction) for the N wireless nodes is uniformly distributed between 0 and 2π. This last assumption is in line with an ad hoc wireless network of randomly associated nodes but it should be reconsidered in other scenarios in which all terminals are presumably pointed in the direction of the central node (e.g., in a mobile cellular network).
Taking all this into account, the harvested power P h is a random variable whose average value is given bȳ
where E {a n } = p(a n = 1) = φ 2 /(2π) 2 is the probability of (electromagnetic) visibility between the central node and the n-th receiving node and, it is found that: N E{d
for α > 2. If the wireless network is large enough (r d 0 ), g(α, r) converges to the constant 1/(α−2) [12] , meaning that the power captured by distant users becomes irrelevant. 1 Finally, if we plug E {a n } and N E{d −α n } into (2), we obtain that the average harvested power P h when r d 0 reads as followsP
where ρ = N/(πr 2 ) stands for the network density and we have introduced the constant
which takes values between K min = 1/(2π) (for φ → 0) and K max = 1/4 (for φ=π). Thus, in the studied set-up, once the effective area A is fixed, the harvested power becomes practically independent of the carrier frequency with variations limited to 10 log 10 (K max /K min ) ≈ 2dB.
To conclude the analysis, if we focus on α > 2 and r d 0 , we obtain that the (average) energy efficiency of the wireless network is given by
where a generic efficiency factor η is introduced to account for the incurred RF/DC power conversion losses [4] . Notice that the power received by the remote node is omitted from (6) because it is negligible compared withP h when d √ ρ.
The obtained network efficiency E(α) agrees correctly with Monte Carlo simulations (Fig. 2) for r sufficiently large and moderate values of ρ. However, equation (6) • , 60
• . Dashed curves correspond to the closedform expression derived in (6) . The average energy efficiency corresponding to the nearest harvesting node is also plotted with asterisks ( * ) for φ = 60
• . The other simulation parameters are d 0 = 2m, d = 40m, r = 50m, α = 3, η = 0.25 and carrier frequency 868 MHz (lower ISM band).
not accurate for large values of ρ because the higher the network density ρ the higher the probability of a node being obstructed by other nodes. 2 As a first approximation, obstructions were simulated in Fig. 2 considering that there is a "cone" of shadow of √ A/d n radians behind the n-th node, with n = 1, ..., N . In that case, the network energy efficiency E(α) does not increase indefinitely with ρ, as wrongly predicted in (6) .
So far we have considered that the N nodes contribute to the overall harvested powerP h . However, it happens that most of the power is harvested by a few nodes near the active transmitter. This is especially true when the network density is low. Simulations are presented in Fig. 2 (asteriks,  * ' ) confirming that most power is captured by the nearest harvester.
INTERFERENCE RECYCLING FOR SHORT-RANGE CONNECTIVITY: AN EXAMPLE
In this section, we study how the interference power obtained in Section 2 can be recycled (reused) to set up a return link with the central node (Fig. 1) . In theory, all the harvested power in (1) could be recycled if the received signal were processed at the wireless terminals using reversible computing [13] [14] . In the realm of reversible computing, the received signal can be decoded without dissipating any energy and, afterwards, the full received power stored in a battery 2 We are assuming however that that the remote node is never obstructed.
for upcoming transmissions. On the contrary, in [15] [16] [17] the problem of simultaneous information and power transfer is addressed taking into account existing constraints of current communication electronics. Although reversible computing is not available in current communication systems, it is adopted hereafter with the aim of determining the theoretical limits of interference-recycling powered communications.
It is worth noting that there exists a non-trivial trade-off between the achievable energy and information transmission rate [13] [18] [19] since the transmission scheme that maximizes channel capacity is usually not the same that maximizes power transfer. In this section, we will consider that the central node selects the transmission scheme so as to maximize the information rate without imposing any requirement on the transferred energy, as done in [20] [21] .
In the studied scenario (Fig. 1) , the central node transmitted power P T is selected to guarantee a throughput of R bits per channel use (bps/Hz) with the remote node and, at the same time, a non-zero throughput with the neighbouring wireless nodes. To do so, the central node has to assign a small fraction of the transmitted power βP T to communicate with the wireless network and the rest of the power (1 − β)P T to communicate with the remote node. The factor β guarantees that the remote node throughput is not reduced in excess when the medium is shared with the wireless network. In particular, we will impose that the remote node throughput is a (large) fraction γ of the point-to-point achievable throughput (β=0). Accordingly, the transmitted power P T and the constant β can be obtained by solving the following two equations:
where Γ = P T h/P N denotes the SNR at the remote node, P N is the noise power of all the receivers and h the channel gain between the central and the remote node (d meters apart):
Assuming that h < h n (for all n), equation (7) corresponds to the capacity of the weakest user in a (scalar) Gaussian broadcast channel whereas equation (8) is just the capacity of the point-to-point AWGN channel. Regarding the wireless network, the achievable throughput depends on how the power P T β is distributed over the N wireless nodes as well as on the nodes random position {d n } N n=1 . In particular, if other constraints are not imposed [20] , the maximum sum-rate R S is achieved when the central node assigns the available power P T β to the strongest terminal with visibility. Formally, if h max = max{a n h n }, we obtain that R S ≤ log 2 (1 + βΓh max /h).
Let us study now the return link in which the remote node and the other N wireless nodes want to communicate simultaneously with the central node. The remote node is assumed to be equipped with an external power supply providing a transmitted power of P T Watts, which equals the central node transmitted power. By contrast, the N wireless nodes are supposed to transmit using only the power harvested from the forward link, which is P T h n in the case of the n-th node (Fig. 1) . The capacity region of the resulting Gaussian multiple access channel is therefore defined by the following three equations:
where R is the rate from the remote node, R S the wireless network sum rate and η the RF/DC power conversion efficiency (6). If we consider a symmetric bi-directional connection between the central and remote nodes (i.e., R = R) and the penalization factor γ is not too low, it follows that we can operate near the boundary of the third equation where the sum-rate of the wireless network is upper bounded as follows:
where Γ = 2 R/γ −1 (8) and the random gain is defined as g = 1 + η h N n=1 a n h 2 n . Notice that (13) is the maximum returnlink sum-rate that can be attained using the power captured from the forward link for a given realization of g.
In a dynamic scenario in which the wireless node positions d n and the antenna azimuths a n evolve in time randomly, the maximum achievable sum-rate R S is determined by the ergodic sum-rate capacity [22] , which means that
This equation has been simulated in Fig. 3 as a function of d showing that it grows as α log 2 (d) for large values of d whereas it converges to 1−γ γ R for d going to zero. Accordingly, (14) admits the following piecewise approximation:
where the critical distance d c is obtained by means of Monte Carlo simulations taking into account that
for large values of d. The ergodic sum-rate capacity (14) is only meaningful when the random gain g is time-varying. Otherwise, in a static or quasi-static scenario, it is preferable to work with the outage sum-rate capacity [22] . Despite outage simulations are not included in the paper due to space limitations, the same asymptotic dependence (15) on the remote node distance d is manifested when dealing with the outage sum-rate. 
CONCLUSIONS
We have shown that the energy efficiency of a wireless network is largely enhanced when the wireless terminals are endowed with the capacity of harvesting the interference from surrounding transmissions. In that case, the energy efficiency does not depend on the transmission range but on the wireless network density. This result imposes a revision of existing energy-efficient forwarding/routing strategies and reinforces the interest of long hops in the design of energy-efficient ad hoc wireless networks [8] [9] . As shown in this paper, besides reducing the network latency and other benefits, long hops facilitate that the nodes near the transmitter harvest enough power to support their own short-range communications.
As an example, we have studied the case in which the wireless network uses the harvested power to set up a return link with the node whose power was harvested, concluding that there exists a critical hop length that allows achieving a significant return-link sum-rate. Results are presented in terms of the ergodic sum-rate capacity but the same conclusions are valid when dealing with the outage sum-rate capacity in static or quasi-static scenarios.
